PrP
c is a glycophosphatidylinositol-linked cell surface protein expressed by several cell types including those of the nervous system, both peripheral (PNS) and central (CNS) (5, 14) . Despite a clear conservation of DNA and protein sequence homology among a wide variety of mammalian species, and presumably therefore function, the normal role of this protein remains unknown. It is established that PrP c is involved in prion disease, as PrP Ϫ/Ϫ mice are resistant to infection with these agents (8) . Several studies have addressed the normal function of PrP c through the use of PrP Ϫ/Ϫ mice. NPU-1 (34) and Zürich I (9) strains of PrP Ϫ/Ϫ mice have been reported to show altered neuronal electrophysiological properties. These include late after-hyperpolarization current (I AHP ) (12) , changes in long-term potentiation and changes in the kinetics of inhibitory postsynaptic currents of hippocampal neurons (13, 27) . PrP Ϫ/Ϫ mice also show alterations in circadian rhythm (56, 57) and increased sensitivity to seizures (59) .
The causes for the nonpathogenic changes in neuronal function of PrP Ϫ/Ϫ mice are not yet known. They may arise through a decreased copper concentration in synaptic membranes of PrP Ϫ/Ϫ mice (22) . In vitro PrP c has been shown to bind this metal ion at the N-terminal octapeptide repeat regions (6) and within the C-terminal portion of the molecule (21) . Alternatively, the absence of PrP c may perturb the regulation of neuronal oxidative stress in which PrP has been implicated through a proposed superoxide dismutase activity (7) . Recently, a role for PrP c in signal transduction was proposed through its linkage to the tyrosine kinase Fyn (37) . An association of PrP c with a metabolic pathway, in particular one involved with neuronal degeneration, is supported by the recent discovery of the PrP-related protein Doppel. Overexpression of Doppel in Ngsk (48) , RCM0 (36) , and Zürich II (47) PrP Ϫ/Ϫ mice leads to Purkinje cell loss with the subsequent development of ataxia. Mice may be rescued from this phenotype by the reintroduction of a PrP transgene (36, 42) . These observations support the hypothesis that PrP c may interact with a cellular receptor involved with the regulation of neuronal survival (52) .
As neurons express high levels of PrP c the function of this molecule is presumed to play an important role in these cells under normal conditions. We have reasoned that changes in the physiology of neurons, which arise through changes in PrP c expression, may modulate the fate of neurotropic viral pathogens in these cells. Accordingly, we have investigated the pathogenicity of herpes simplex virus type 1 (HSV-1) in mice that express different levels of PrP c . This neurotropic virus initially invades epidermal or epithelial cells of mucosal surfaces. During this process HSV-1 enters the termini of local sensory neurons of the PNS. Retrograde axonal transport carries the virus to the neuronal cell bodies, where it establishes productive or latent infection. Intermittent reactivation may result in the production of infectious HSV from latently infected neurons (19, 46) . Our initial studies with HSV-1 (SC16) wild-type virus showed that increased susceptibility to infection with this virus correlated with increased PrP c expression. Here, we have extended these observations and have used the recombinant virus HSV-1 SC16 110lacZ to correlate virus pathogenicity, distribution, and latency in mice that express different amounts of PrP c protein.
Our observations show that lack of PrP c expression favors the establishment of HSV latency whereas HSV replication proceeds more efficiently in neuronal tissue that expresses this protein. (16) . The samples were centrifuged at 1,500 ϫ g to remove debris. Either 200 l of undiluted, 10-fold diluted, or 100-fold diluted tissue sample supernatant was inoculated onto triplicate BHK-21 cell monolayers in 24-well plates and allowed to adsorb for 1 h. Each well was subsequently overlaid with 1 ml of Eagle's minimal essential medium containing 2% heat-inactivated fetal calf serum plus 2% carboxymethylcellulose. Plates were stained and fixed with crystal violet following incubation at 37°C, 5% CO 2 for 48 h, and viral plaques were counted. All samples were coded prior to the start of the experiment, and this code was not revealed until all the results were recorded as mean virus titers (log 10 PFU) per tissue per group Ϯ standard deviations.
TUNEL assay to detect apoptotic neurons. Tissue samples taken for acute in situ hybridization were also used for the terminal deoxynucleotidyl transferasemediated dUTP-biotin nick end labeling (TUNEL) assay in order to detect apoptotic cells. The in situ cell death detection kit POD (Roche) was used according to the manufacturer's instructions. Briefly, tissue sections (8 m) were dewaxed in xylene and rehydrated through ethanols. Endogenous peroxidase was blocked with hydrogen peroxide, and the tissues were permeabilized on ice for 2 min. The tissue sections were incubated with TUNEL reaction mixture for 60 min at 37°C in a humidified chamber; this was followed by incubation with an antifluorescein antibody, Fab fragment from sheep, conjugated with horseradish peroxidase (POD). Apoptotic cells were visible by light microscopy after treatment with 3,3Ј-diaminobenzidine (DAB; Vector Labs) and counterstaining with hematoxylin. Positive TUNEL staining was indicated by a brown precipitate. Positive and negative control slides were included in every TUNEL assay. Positive controls were pretreated with DNase.
Detection of latently infected neurons by means of in situ hybridization. In situ hybridization was performed with tissues from five mice per group and two mock-infected controls to detect latency-associated transcripts (LATs) Ͼ30 days postinfection (54) . The probes used to detect LATs were generated by T7 polymerase transcription of HindIII-linearized pSLAT 2 (kindly provided by S. Efstathiou) with a DIG detection system as previously described for ICP0 (1) . Overnight hybridization was carried out at 72°C. One to 3 g of DIG-labeled probe was used in each 100 l of hybridization solution. One stringent wash in 0.1ϫ SSC-30% formamide-10 mM Tris-HCl (pH 7.5) was carried out at 75°C for 30 min. Bound probe was detected with alkaline phosphatase-conjugated anti-DIG Fab fragments according to the manufacturer's instructions (Roche). RNase-and DNase-treated tissue sections were included in each hybridization test as internal controls. Alternate (5-m) sections from all tissues were counted and used to calculate the mean number of positive neurons per section. Cells whose nuclei contained a level of black or brown staining clearly above the background level were scored as positive.
Histology (H&E). Alternate brain stem sections were taken from latent HSV-1-infected PrP Ϫ/Ϫ , wild-type, and tga20 mice and stained with hematoxylin and eosin (H&E). Representative sections are shown in Fig. 5c .
Statistical analysis. Statistical analysis of the data was performed by one-way analysis of variance together with the Duncan multiple-range test (P Ͻ 0.01) and the Student-Newman-Keuls test (P Ͻ 0.05) for post hoc analysis.
RESULTS

Decreased susceptibility to HSV-1 infection of PrP
؊/؊ mice. PrP Ϫ/Ϫ , wild-type, and tga20 mice express zero, normal, and 10 times normal levels of PrP c protein, respectively. These three strains of mice were inoculated with HSV-1 to determine the effect of PrP c expression on viral neuropathogenesis. An initial experiment with wild-type HSV-1 (SC16) showed that while PrP Ϫ/Ϫ mice did not succumb to virus-induced mortality, wildtype and tga20 mice showed 30 and 90% mortality, respectively (Fig. 1a) . We have carried out the infection of these three strains of mice with wild-type HSV-1 three times, and on each occasion the same trends were seen with respect to mortality for wild-type mice and tga20 mice, i.e., wild-type mice showed 20 to 30% mortality and tga20 mice showed 70 to 90% mortality. To investigate further whether PrP c expression affected viral pathogenicity, we used the less pathogenic recombinant strain of HSV SC16 110lacZ, which contains the lacZ reporter gene inserted under the control of the IE110 promoter (31) .
Administration of the virus by the ear pinna route induced classical early clinical signs of virus infection in the form of acute inflammation and redness at the site of inoculation followed by ear paralysis. Initial clinical signs were first seen in tga20 mice usually on day 1 or 2 p.i., subsequently in wild-type mice, and lastly in PrP Ϫ/Ϫ mice, typically several days later. All tga20 mice had macroscopic ear lesions by day 3 p.i., while PrP Ϫ/Ϫ and wild-type mice showed ear lesions by day 5 p.i. The three strains of mice displayed significant differences with regards to weight gain or loss and mortality as a consequence of viral infection (Fig. 1) . HSV-infected PrP Ϫ/Ϫ and wild-type mice showed weight gain that was similar to, albeit slightly less than, that observed with the mock-infected control animals (Fig. 1b) . In contrast, HSV-1-infected tga20 rapidly lost weight during the experiment and never managed to regain their start weights. The weights of tga20 mice were significantly less than those of mock-infected mice on days 4 and 5 p.i. (P Ͻ 0.05). While HSV SC16 110lacZ is regarded as less pathogenic than wild-type HSV-1, this recombinant form of virus had a significant effect on the tga20 mice as there was 90% mortality in this group of infected animals. All of the tga20 mice that succumbed to terminal disease died on day 6, 7, or 8 p.i. (Fig.  1c) . A significant feature of the mortality of the tga20 mice was their rapid decline in health in response to the virus. Mice progressed from a grossly normal appearance to terminal disease within a matter of hours. This is in comparison to other strains of mice that are susceptible to HSV-1 infection, such as BALB/c, which take 2 to 3 days to progress through a welldefined series of clinical signs leading to terminal disease (17) . In comparison, all of the PrP Ϫ/Ϫ and wild-type mice survived the viral challenge, although they all displayed mild clinical signs associated with HSV infection. PrP Ϫ/Ϫ and wild-type mice showed no signs of HSV-induced hind limb paralysis during the experiment. In contrast, the tga20 mice displayed complete loss of use of their hind limbs just hours before reaching terminal disease. It appears that increased expression of PrP c correlates with increased severity of clinical signs following HSV inoculation.
Slower accumulation of HSV gene products in PrP ؊/؊ mice. Table 1 . PrP Ϫ/Ϫ and wild-type mice showed a gradual increase in the number of ICP0-positive neurons with time, whereas tga20 mice showed a gradual decrease. In tissues from PrP Ϫ/Ϫ mice, the number of ICP0 in situ-positive neurons was minimal on day 4 p.i. and subsequently increased on days 6 and 8 p.i. A similar trend was seen in the majority of tissues from wild-type HSV-inoculated mice but with a greater number of positive cells than those observed in PrP Ϫ/Ϫ samples. In contrast, in tga20 HSV-infected mice, the number of ICP0-positive neurons was maximal on day 4, when the left and right TG and the LCIII dorsal root ganglia, brain stem, and brain had positive neurons, and was subsequently decreased on days 6 and 8 p.i. The highest number of positive cells was seen in the brains of tga20 mice, which represented the tissue with the largest sur- 
20 Ϯ samples. It was noted that there was an absence of any detectable ICP0 in the contralateral ganglia of the PrP Ϫ/Ϫ and wildtype mice although wild-type mice did have detectable levels of acute virus. This may reflect differences in the sensitivities of the tests employed or the fact that the tissues were tested at only three defined time points as opposed to every day, in which case more positive results might have been seen. These data show that HSV infection clearly had less of an effect on PrP Ϫ/Ϫ mice than on those that expressed PrP c . A similar trend was seen when ␤-Gal staining on acute tissues from the different HSV-inoculated mice was carried out to detect IE110 expression. Tissues were stained and initially recorded as whole mounts. All tissues were then sectioned and recounted microscopically to give the mean number Ϯ standard deviation of ␤-Gal-positive neurons per section per group (Table 1 ). All mice had detectable viral antigen in peripheral lymphoid tissue. Figure 2b shows X-Gal-stained cervical lymph node tissue from SC16 110lacZ-infected mice. As the cervical lymph nodes drain the CNS and neck region these results indicated that HSV was effectively delivered to the immune system of all three mouse strains. In PrP Ϫ/Ϫ mice ␤-Gal activity was seen only on day 8 p.i. in the tissues listed in Table 1 . Tissues from wild-type mice showed the presence of ␤-Gal activity on day 6 and increased amounts on day 8 p.i. In the case of tga20 mice, most ␤-Gal activity was seen on day 4 p.i. with a decrease on days 6 and 8 p.i. Many of the tga20 ␤-Gal samples were significantly greater (at either P Ͻ 0.01 or P Ͻ 0.05) than equivalent wild-type or PrP Ϫ/Ϫ samples, while wild type samples, in particular brain stems, were significantly greater (at P values of either Ͻ0.01 or Ͻ0.05) than equivalent PrP Ϫ/Ϫ samples as shown in Table 1 . No ␤-Gal activity was seen in the contralateral ganglia of any mice on the days tested.
Reduced virus titers in PrP ؊/؊ mice. Mice that lacked PrP c did not appear to be as permissive for HSV-1 replication as those mice that expressed normal or elevated levels of PrP c . This was confirmed when acute viral titers were assessed. Figure 3 shows the acute viral titers in left and right TG for all three strains of mice ( Fig. 3a and b ) and cervical and axillary lymph nodes ( Fig. 3c and d) . Significantly higher virus titers were seen on day 6 p.i. with wild-type left and right TG than with equivalent PrP Ϫ/Ϫ tissues (P Ͻ 0.01) and on days 4 and 6 p.i. with tga20 mice than with wild-type and PrP Ϫ/Ϫ mice (P Ͻ 0.01). In contrast, significantly lower virus titers were seen on day 8 p.i. with tga20 mice than with wild-type and PrP Ϫ/Ϫ mice (P Ͻ 0.01). Significantly higher virus titers were seen for cervical lymph nodes on days 4 and 6 p.i. with tga20 than with equivalent wild-type and PrP Ϫ/Ϫ tissues (P Ͻ 0.01) and significantly lower titers were evident on day 8 p.i. with tga20 mice than with wild-type and PrP Ϫ/Ϫ mice (P Ͻ 0.01). Significantly higher virus titers were seen for axillary lymph nodes on days 6 and 8 with wild-type mice than with PrP Ϫ/Ϫ tissue (P Ͻ 0.01) and on day 8 than with tga20 mice. Significantly higher virus titers were seen for axillary lymph nodes on day 6 with tga20 mice than with wild-type and PrP Ϫ/Ϫ tissue (P Ͻ 0.01). Table   2 shows the acute viral titers for the left and right third cervical dorsal root ganglia and brain stem and brain samples with all three mice strains. All mice had infectious virus present by day 4 p.i., and this subsequently increased by day 6. At both of these time points, the level of infectious virus in the PrP Ϫ/Ϫ mice was reduced between 1 and 2 logs compared to the level seen in those strains that expressed PrP c . On day 8 p.i., the level of infectious virus in PrP Ϫ/Ϫ and wild-type mice continued to rise. However, for tga20 mice, virus titers detected in the brain and brain stem samples (Table 2) and all the tissues shown in Fig. 3 were significantly decreased compared to those of earlier time points. These trends were seen in both the ipsilateral and contralateral TG with higher viral titers seen in the ipsilateral side (those from the same side as the ear pinna inoculation). These data indicated that virus replication appeared to peak at an earlier time point for tga20 mice. Similarly, infectious virus titers were higher for the tga20 mice on day 6 p.i. than for the other mouse strains but were reduced on day 8 p.i. in the draining lymph nodes ( Fig. 3c and d) and the brain and brain stem ( Table 2 ). All samples from tga20 mice were significantly different from all equivalent samples from wild-type and PrP Ϫ/Ϫ mice at a P value of Ͻ0.01, with the exception of LCIII samples on day 8 p.i., which were significantly different from the wild type at a P value of Ͻ0.05. All wild-type samples were significantly different from PrP Ϫ/Ϫ at a P value of Ͻ0.01, with the exception of LCIII samples on day 8, which were significantly different at a P value of Ͻ0.05, while brain stem and brain samples on days 6 and 8 were not significantly different. The greater severity of clinical signs exhibited by HSV-1-infected tga20 mice may reflect a failure of these mice to clear the virus, with a resultant increase in viral pathogenesis. We have established that tga20 mice have high numbers of ␥␦ T cells (A. M. Thackray and R. Bujdoso, unpublished data), which are known to contribute to anti-HSV viral immunity (51). When infectious virus was measured in peripheral lymphoid tissue, it was clear that while tga20 mice responded quicker to the viral challenge, levels of infectious virus at these sites in the tga20 mice were never significantly greater than those seen in mice with lower PrP c expression. This implied that tga20 mice were as effective as the other mouse strains at neutralizing HSV when it was presented to the immune system. Collectively, these data suggested that expression of PrP c by neurons might be directly responsible for the observed neuropathology when these cells are invaded by a lytic neurotropic pathogen such as HSV.
Numerous TUNEL-positive neurons in tga20 HSV-infected mice. HSV infection leads to virally induced apoptosis in neural tissue despite the fact that this viral genome encodes viral analogues that act as cellular antiapoptotic proteins. We therefore examined the extent of apoptosis in the different mouse strains by TUNEL to see if PrP c expression affected neuronal survival. The staining patterns observed for the CNS differed greatly among mouse strains. Figure 4 shows representative pictures from the various tissues examined for TUNEL stain, and Tables 3 and 4 show the quantified data. When sections of the brain stem were examined (Fig. 4a) , numerous TUNELpositive neurons could be seen for all three mice strains. PrP Ϫ/Ϫ samples contained weakly stained neurons at the base of the brain stem with a narrow band of positive cells around the outside of the tissue. Wild-type mice had more stain in 2502 THACKRAY AND BUJDOSO J. VIROL.
individual neurons, with a thicker band of positive peripheral cells. In contrast, apoptotic neurons were seen all over the brain stem in tga20 samples. Tga20 appeared to have approximately half the number of neurons per section that PrP Ϫ/Ϫ or wild-type mice had (Table 4) . While all three strains of mouse had comparable numbers of TUNEL-positive neurons, which gave rise to similar percentages of positive cells, the appearance of apoptotic cells was different. Many TUNEL-positive tga20 nuclei were tightly packed with dense TUNEL precipitate, resulting in cells which appeared to be two or three times larger than those in the other two mouse strains. Figure 4b shows that the dentate gyrus from both PrP Ϫ/Ϫ and wild-type a Mice were inoculated with 10 6 PFU of SC16 110lacZ; three mice and one mock-infected control were tested per group. The limit of sensitivity was 0.5 log 10 PFU per tissue.
b LCIII, left third cervical dorsal root ganglia; RCIII, right third cervical dorsal root ganglia.
mice was negative for TUNEL, as was the cortex (Fig. 4c) . However, the tga20 samples showed approximately 25% apoptotic neurons in the brain. Numerous positive cells were seen in the hippocampal ribbon of tga20 mice. In contrast, TG from all three strains of mice were negative for TUNEL (Fig. 4d) , even though all the ganglia contained infectious virus (Tables  1 and 2 ). Lack of HSV-induced apoptosis in TG is consistent with other previously published data (55) .
Increased number of latent HSV-infected neurons in PrP
؊/؊ mice. A feature of HSV infection is the establishment of latency in sensory neurons such as those of the TG. Latent HSV may be detected by in situ hybridization for major LATs, which are believed to mediate the establishment of latency (45, 55) . Surviving mice were sampled 1 month p.i., and alternate tissue sections were tested with a DIG-labeled riboprobe for major LAT to obtain the data shown in Table 5 . LAT-positive neurons were detected in the ipsilateral and contralateral trigeminal and CIII ganglia and the brain stem and brain for all three mouse strains. PrP Ϫ/Ϫ mice contained higher numbers of LAT-positive neurons than wild-type mice in all the tissues tested. The tga20 sections showed fewer positive neurons than did either wild-type or PrP Ϫ/Ϫ mice. All samples from PrP wild-type samples, with the exception of right TG, were significantly greater than those of equivalent samples from tga20 (P Ͻ 0.01). The intensity of LAT-positive signal, which is believed to be proportional to the number of genome copies of HSV present within neurons, varied considerably among mouse strains. While tga20 mice showed few LAT-positive neurons, approximately 80% of the positive neurons were jet black in color. In contrast, PrP Ϫ/Ϫ mice that showed the greatest number of positive neurons did so with the majority displaying weak brown staining. The wild-type samples had a mixture of weakly and strongly stained LAT-positive neurons. These data suggest that a lack of PrP c expression favors the establishment of HSV latency while PrP c expression appears to be permissive for viral replication, with the extent of replication dependent upon the extent of PrP c expression. Sections of ganglia, brain stem, and brain from mock-infected mice processed identically were completely negative for major LAT and only showed some weak background staining. RNase-treated, latently infected sections were negative (data not shown). A sense riboprobe also gave no positive neurons when tested on latently infected tissues. DNase-treated, latently infected sections gave positive staining (data not shown).
Increased microvacuolation in latently infected tga20 mice. There was a clear correlation between the lack of latent in situ hybridization and TUNEL staining in the HSV-infected tga20 mice. Many neurons appeared to have been destroyed during the acute phase of the infection, but those that survived were loaded with LATs. The inference was that HSV infection had resulted in virally induced apoptosis with a subsequent loss of neurons from infected mice. Sections of brain stem were stained with H&E and visualized microscopically (Fig. 5c) . It was clear that sections from tga20 mice had an increased microvacuolation typical of damage as a result of apoptosis of neurons. This type and extent of vacuolation was routinely seen in the brain stems of HSV-infected tga20 mice and to a much lesser extent in the other two mice strains, where it was regarded as tissue damage.
DISCUSSION
We have analyzed the effect of HSV inoculation in mice that have different levels of PrP c protein expression. When mice were inoculated with wild-type SC16, PrP Ϫ/Ϫ mice did not succumb to virus-induced mortality, unlike those that expressed normal or elevated levels of PrP c protein. When PrP Ϫ/Ϫ and wild-type mice were inoculated with HSV-1 SC16 110lacZ, these animals showed similar mild clinical signs as a consequence of virus inoculation. SC16 110lacZ is regarded as less pathogenic than wild-type HSV-1 (53), and neither mouse strain succumbed to virus-induced mortality. However, analysis of the distribution of SC16 110lacZ RNA and protein expression clearly showed that virus replication appeared to proceed less efficiently in PrP Ϫ/Ϫ mice than in wild-type mice. Following virus inoculation, neural tissues from wild-type mice were found to contain a greater number of cells with either ICP0 transcripts or ␤-Gal activity at earlier time points than PrP Ϫ/Ϫ mice. These results indicated that PrP Ϫ/Ϫ mice were not as permissive for HSV-1 viral replication as were wild-type mice. This view was supported by measurement of acute virus titers in neural tissues from HSV-1-infected mice. Both PNS and CNS tissues from wild-type mice contained higher levels of infectious virus at each of the time points analyzed than did samples from PrP Ϫ/Ϫ mice. These data showed that the magnitude of the acute phase of HSV-1 infection in PrP Ϫ/Ϫ mice was reduced compared to that seen in mice which expressed PrP c . The implication of this observation is that neural tissue with elevated levels of PrP c expression may be expected to show increased pathology as a consequence of HSV-1 infection. This appeared to be the case when tga20 mice, which express approximately 10-fold more PrP c in neural tissue than do wildtype mice, were analyzed for their response to HSV-1 inoculation. In HSV-1-inoculated tga20 mice, all aspects of viral pathogenicity were exacerbated compared to that seen in PrP Ϫ/Ϫ and wild-type mice. Significantly, tga20 mice showed mortality after inoculation with SC16 110lacZ. The onset of clinical signs and progression to terminal neurological disease in these virus-inoculated mice were extremely rapid and occurred in a matter of hours. Normally, mice susceptible to HSV-1-induced neurological disease progress through a series of well-defined clinical signs and do so over a time course of 2 to 3 days (17) . The rapid progression of clinical signs in tga20 mice was probably coupled with enhanced viral replication that also appeared to proceed very efficiently in these mice. Most significantly, tga20 mice that survived the HSV-1 infection had a reduced number of LAT-positive neurons compared to PrP Ϫ/Ϫ and wild-type mice. The number of latently infected neurons in tga20 mice was approximately 10-fold less than that seen in PrP Ϫ/Ϫ mice. In addition, LAT-positive neurons present in PrP Ϫ/Ϫ mice were mainly light brown in color. This indicated that these neurons contained lower levels of latent Detection of LAT RNA by in situ hybridization is one of several techniques which are routinely used to assess latency. This assay provides an estimate of the number of cells which contain the viral genome, and it does not allow quantification of the number of viral-genome copies within individual latently infected cells. Several strategies may be employed to determine the number of viral genomes in DNA harvested from latently infected tissues. These include quantitative PCR that allows measurement of the total amount of viral DNA (24) or in situ PCR which has been used to detect latent viral genomes in sectioned mouse ganglia (33, 35) . Using a PCR approach, Mehta et al. demonstrated that more neurons contained the viral genome than contained detectable levels of LATs measured by in situ hybridization (35) . A quantitative analysis of viral nucleic acids within the individual cells constituting complex solid tissues is also possible (50) . It will be important to characterize HSV-1 latently infected tissues from mice with various levels of PrP c expression to correlate quantitatively the number of cells harboring the viral genome and the number of viral genomes contained within latently infected cells. This level of cellular quantification will be useful in clarifying the role of PrP c in the establishment and maintenance of HSV-1 latency.
Clearly, a complex interaction must exist between HSV and the host to determine the fate of virus-infected cells. It is likely that the most important event for an infected neuron is to limit transcription of viral lytic phase genes, if it can, to ensure that the infection becomes latent. The combinations of viral and cellular factors that regulate this event have yet to be fully described. Viral components believed to participate in this FIG. 5 . Detection of latent HSV by in situ hybridization. Various mice were inoculated with 10 6 PFU of SC16 110lacZ by intradermal inoculation of the left ear pinna. In situ hybridization for major LAT was performed on tissues from five mice per group and two mock-infected controls Ͼ30 days p.i. Sections were analyzed by means of a DIG-labeled major LAT riboprobe as described in Materials and Methods. Representative sections are shown for each HSV-inoculated group of mice. The punctate brown-black signal is characteristic of this probe and is confined to the nucleus. Alternate 5-m sections were used for each tissue. Similar sections were used to enumerate the LAT-positive cells for the data shown in Table 5 
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event include the LAT locus (45, 55) and the US3 gene-encoded protein kinase (32) . The LAT locus is proposed to regulate viral protein expression in neurons as the acute phase of infection proceeds (55) . The LAT promoter contains neuron-specific expression elements, which are likely to function together with neuronal factors to regulate viral gene expression (3, 4, 61, 62) . Candidate cellular factors involved in this role include c-fos, c-jun, Nf-kB, and p53, which can be detected in HSV-infected neurons (32, 60) . This combination of cellular factors is not seen in neurons from TG, which are regarded as resistant to HSV-induced apoptosis. As latent infection at this site does lead to increased tumor necrosis factor alpha expression in neurons (10) , it can be inferred that different levels of such factors may be responsible for the establishment of productive or latent HSV infection in cells. This balance would appear to be influenced by PrP c , which may constitute part of a metabolic pathway within neurons, one which creates a cellular environment that is permissive for viral replication rather than latency. In this regard, it is relevant to note that one of the proposed binding proteins for PrP c is the proapoptotic protein Bcl-2 (28, 29) and secondly that PrP c has been reported to be functionally linked to the tyrosine kinase Fyn (37) .
In our study we have utilized the TUNEL assay, which detects fragmented DNA, to measure apoptosis. It has been suggested that TUNEL identifies cells that have undergone not only apoptosis but also necrosis and autolysis and may therefore overestimate apoptosis (20) . However, a comparison of TUNEL and laser scanning confocal microscopy has shown that TUNEL is capable of faithful identification and quantification of apoptosis (26, 44) . Other markers of apoptosis may now be assessed with elucidation of the enzyme cascades activated by mediators of apoptosis such as tumor necrosis factor alpha and the Fas ligand (FasL)-Fas receptor system. The Fas signaling pathway is particularly well understood (40) . Upon ligand engagement, Fas is trimerized, which facilitates the recruitment of FADD to its cytoplasmic domain (11) , which in turn recruits and activates procaspase 8 via a death effector domain interaction. This scheme links the death domains of early signaling proteins to activation of the caspase cascade, including caspase 3 and caspase 7 (39) . These enzymes are involved in cleavage events that result in activation of DNase, poly-ADP-ribose polymerase, and various structural proteins including actin, fodrin, and lamin (15, 25, 38, 49) . A more complete assessment of apoptosis may be achieved through measurement of specific caspases as their enzyme activity leads to the generation of new protein epitopes that occur only during apoptosis. It will be of interest to examine the expression of caspase enzymes and their activity in HSV-1-mediated apoptosis of PrP-expressing tissue in order to identify the signal transduction pathway with which PrP c is associated. If PrP c is involved in a signal transduction pathway and its expression by neurons does promote virus replication, its action may be expected to be deleterious to neuronal survival following infection by lytic viruses such as HSV-1. Following HSV inoculation, tga20 displayed enhanced virally induced apoptosis. Neural tissues from PrP Ϫ/Ϫ , wild-type, and tga20 mice all showed apoptotic neurons in the brain stem, but only tga20-infected mice showed apoptotic neurons in brain tissue. An explanation therefore for the dramatic and accelerated onset of terminal neurological disease in HSV-infected tga20 mice may be a triggering of rapid and extensive apoptosis of essential neurons. While tga20 CNS neurons showed enhanced susceptibility to HSV-1-induced apoptosis, this effect was not a general property of all neurons in these mice. For example, TG neurons are resistant to HSV-1-induced apoptosis (55) and are a principal site of HSV-1 latency in natural and experimental HSV infections. However, TG from tga20 mice, like those from PrP Ϫ/Ϫ and wild-type mice, did not contain any apoptotic neurons following HSV infection. Therefore, despite tga20 having enhanced expression of PrP c , the site-specific regulation of HSV-1 pathogenicity, such as that seen between the PNS and CNS, is maintained.
While our data support a direct role for PrP c in the regulation of HSV-1 pathogenicity, an alternative explanation is that the expression of PrP c by the host immune system modulates its ability to clear the virus with accompanying differences in virus-induced immunopathology. In a separate study, we have compared immune cell subset composition in peripheral lymphoid tissue of mice that express different levels of PrP c protein. PrP Ϫ/Ϫ and wild-type mice have similar numbers of T cells, B cells, NK cells, and dendritic cells, while tga20 mice have a low number of ␣␤ T cells and an increased number of ␥␦ T cells. Despite the similarity in immune composition, PrP Ϫ/Ϫ mice in our study clearly showed more resistance to HSV-1 infection than did wild-type mice. Furthermore, in studies with wild-type HSV-1 (SC16), mice with normal or elevated levels of PrP c protein succumbed to virus-induced mortality whereas PrP Ϫ/Ϫ mice did not. This was somewhat surprising with respect to tga20 mice, as others have shown that ␥␦ T cells are capable of mediating antiviral immunity and can provide protection against HSV-1 pathogenicity even in the complete absence of ␣␤ T cells (51) . The fact that HSVinfected tga20 mice progressed to mortality much more rapidly than is usually seen with mice susceptible to this virus, such as BALB/c (17), further supports the view that events other than immune intervention induce the large amount of apoptosis seen for these mice. Increased PrP c expression may inadvertently prime neurons to undergo apoptosis in the presence of a neurotropic pathogen.
Our report highlights a novel phenotypic difference between PrP Ϫ/Ϫ mice and those that express PrP c protein; namely, that lack of PrP c expression favors the establishment of HSV latency whereas HSV replication proceeds more efficiently in neuronal tissue that expresses PrP c .
We have yet to establish the regulatory pathways within neurons that are influenced by PrP c , but these initial experiments illustrate the utility of using HSV to address the function of this protein. It has been reported that PrP c is involved in the regulation of neuronal oxidative stress. However, productive HSV-1 infection of CNS tissue and latency in TG is reported to cause oxidative stress at both of these sites (58) . If PrP c does have an important role in oxidative stress it may be expected that PrP Ϫ/Ϫ mice would show a more severe pathology during acute HSV infection than do wild-type mice, but this was not seen in our study. The inference of our data is that PrP c may indirectly modulate neuronal gene expression possibly through a signal transduction pathway and in doing so render these cells susceptible to HSV replication. In this scheme, it is clearly beneficial for HSV to invade cells that lack or have a low level of PrP c expression, as this allows virus survival through promotion of latency. Con-versely, events that increase PrP c expression by neurons may render them more susceptible to viruses such as HSV. The implication of this is that during prion diseases, when levels of PrP protein expression are increased, individuals may be more susceptible to the cytopathic effects of lytic CNS viruses such as HSV, which in turn may enhance prion disease pathogenesis.
